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The nuclear membrane is decorated with aqueous nu-
clear pore channels that can accommodate megadal-
ton-sized particles. Electron microscopy studies have
shown that the membrane-embedded portion of theThe presence of the nuclear envelope necessitates the
movement of proteins and RNAs between the nucleus NPC displays an 8-fold symmetry of spokes that form
the central framework. At the cytoplasmic face, fibrilsand the cytoplasm. Elaborate cellular machinery exists
to promote the nuclear transport of macromolecules. can extend 30–50 nm from the cytoplasmic ring. The nu-
clear basket, comprised of basket filaments flanked by theRecent advances in the field have illuminated our com-
prehension of both nuclear import and export as pow- nuclear and terminal rings, extends approximately twice as
far (Figure 1) (reviewed in Stoffler et al. [1999]).erful means of gene regulation. As our appreciation
of the importance of the process has grown, its study While electron microscopy has provided an overall
view of the NPC, several groups have attempted to de-has matured, moving beyond the single cell to the
entire organism. This review discusses basic mecha- fine the composition and detailed interactions of pro-
teins within the NPC. There are approximately 30 differ-nisms and regulation of protein, mRNA, and ribosome
export with an emphasis on developmental examples. ent nucleoporin genes in S. cerevisiae and perhaps up
to 60 in higher organisms. FG repeats, stretches of phe-
nylalanine and glycine residues, are a commonly foundIntroduction
Active nucleocytoplasmic transport of macromolecules motif in nucleoporins, and these repeats mediate inter-
actions with transport receptors. Nucleoporins can beacross the double lipid bilayer of the nuclear membrane
occurs through channels formed by nuclear pore com- present in multiple copies in the NPC and distributed
either symmetrically or asymmetrically between the nu-plexes (NPCs). This process involves the specific recog-
nition of substrates by soluble transport receptors. These clear and cytoplasmic faces. They may also be preferen-
tially situated at the periphery of the NPC or toward thereceptors recognize cargoes either directly or through
an adaptor protein and escort them through the channel central core. While several nucleoporins appear to be
mobile, the majority are thought to be stationary. Purifi-by making specific contacts with proteins of the NPC-
termed nucleoporins. The majority of transport recep- cations from various organisms have yielded a consider-
able amount of information about interactions amongtors (also called importins and exportins) belong to the
karyopherin family (reviewed in Wente [2000]). Karyoph- nucleoporins; however, several more systematic at-
tempts have been made recently to ascertain the de-erins interact with the small GTPase Ran, which controls
their directionality of transport. tailed architecture of the NPC. For example, a compre-
hensive study to identify all components of the NPC inTransport mechanisms are highly conserved through-
out evolution, and complementary analyses in various S. cerevisiae first purified an NPC-enriched fraction and
identified all of the proteins present by mass spectrome-organisms have contributed to our understanding of the
transport process. Early studies defined the basic princi- try (Rout et al., 2000). Each protein was then systemati-
cally epitope-tagged and localized by immunoelectronples of nuclear transport by examining the behavior of
cargoes injected into Xenopus laevis oocytes. Addition- microscopy to determine the overall nuclear or cyto-
plasmic distribution of the protein in the NPC. Moreover,ally, many transport factors have been identified through
screens in the genetically tractable Saccharomyces ce- a number of nucleoporin interactions were identified in
a large-scale mass spectrometric analysis of proteinsrevisiae. Several viruses take advantage of the host
transport machinery to selectively export their viral that bind to a panel of immobilized nucleoporins (Allen
et al., 2001). Finally, an in vivo approach to identify inter-RNAs, and elucidation of these strategies has resulted
in the identification of export factors. Moreover, RNAi actions using GFP-tagged nucleoporins and fluores-
cence resonance energy transfer (FRET) was successfulinactivation of genes that encode transport factors has
facilitated studies in multicellular organisms and cell in identifying nucleoporin-karyopherin interactions and
could be applied to NPC interactions (Damelin and Sil-culture (Gatfield et al., 2001; Herold et al., 2001; Tan et
al., 2000; Wiegand et al., 2002). Finally, cell-permeable ver, 2000).
peptides have been applied to cells in culture to block
specific transport pathways with high efficiency (Gal-
The Ran-GTPase Controls the Directionalitylouzi and Steitz, 2001). Through these studies, we have
of Karyopherin-Mediated Transportgathered a substantial body of information about nu-
The directionality of karyopherin-mediated nuclearclear transport mechanisms of a single cell, and we
transport depends on the small GTPase Ran (reviewed
in Nakielny and Dreyfuss [1999]). Ran affects the associ-
ation and disassociation of a substrate with its cognate1Correspondence: pamela_silver@dfci.harvard.edu
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Figure 1. Model of Regulated Protein Trans-
port
Step 1. A complex of import karyopherin
(green) and cargo is imported through the
NPC.
Step 2. The importin/cargo complex is disas-
sociated by Ran-GTP.
Step 3. If phosphorylated, the cargo can inter-
act with its export karyopherin (dark blue) and
Ran-GTP, and this complex can exit the nu-
cleus.
Step 4. Hydrolysis of Ran-GTP to Ran-GDP
causes disassociation of the export complex.
The cargo continues to shuttle until an out-
side signal results in its dephosphorylation
and sequestration in the nucleus.
transport receptor, which is characterized by an N-ter- the small number of transport receptors and the large
number of export substrates that traffic across the nu-minal Ran binding domain. Importin/cargo complexes
clear envelope, the question of cargo specificity quicklyform in the cytoplasm, translocate into the nucleus, and
comes to mind. Crm1 is responsible not only for NESare then dissociated by Ran-GTP (Figure 1). In contrast,
protein export but spliceosomal uridine-rich snRNA (URan-GTP/exportin/cargo complexes form cooperatively
snRNA) export and ribosomal export as well. In thesein the nucleus, translocate to the cytoplasm, and are
cases, Crm1 uses an adaptor, such as PHAX and Nmd3,released by hydrolysis of Ran-GTP to Ran-GDP. The
for U snRNA export and large ribosomal subunit export,nucleocytoplasmic Ran gradient is established by the
respectively (Ho et al., 2000; Ohno et al., 2000). Theseasymmetric localization of the Ran guanine nucleotide
adapters provide increased range of cargo binding ca-exchange factor Rcc1/Prp20 in the nucleus and the
pability. In addition, transport of some cargoes can beGTPase activating protein Rna1 in the cytoplasm.
mediated by more than one receptor, indicating redun-
dant pathways. In fact, only 4 of 14 karyopherins areLessons from HIV Rev Export
essential in S. cerevisiae, suggesting that transportStudies of HIV-1 RNA export led to the identification of
pathways must overlap significantly.the karyopherin receptor for proteins bearing a nuclear
For many years, karyopherins have been classified asexport signal (NES). Like other retroviruses, HIV-1 pro-
either importins or exportins, but there are now exam-duces a single transcript with alternatively spliced forms,
ples of factors that can support transport in both direc-which, at various points of its life cycle, must be ex-
tions. For example, Msn5 was initially shown to be anported to the cytoplasm for translation or packaging.
exporter of Pho4, but Msn5 is also capable of mediatingNormally, cells retain unspliced pre-mRNAs in the nu-
import of replication protein A (Kaffman et al., 1998;cleus (Legrain and Rosbash, 1989); therefore, a key
Yoshida and Blobel, 2001). Additionally, human Importin
question was how HIV-1 could export all its different
13 was recently shown not only to import a complex of
forms of mRNA. The HIV Rev protein, which binds the Magoh(RBM8)/Y14 but also to export eIF1A using a
Rev-response element (RRE) of the HIV-1 RNA, was novel Ran-GTP-independent mechanism (Mingot et al.,
found to be required for export of several of the un- 2001). As more cargoes and their receptors are identi-
spliced versions of the mRNA. A Rev NES was deline- fied, there are certain to be more examples of receptors
ated, and biochemical attempts to identify the receptor capable of bi-directional transport.
commenced. In parallel work, the drug leptomycin B
(LMB) was found to block HIV-1 Rev-dependent pre- Regulated Nuclear Export of Proteins
mRNA export in mammalian cells (Wolff et al., 1997). A The number of proteins discovered that translocate
genetic screen in Schizosaccharomyces pombe identi- across the nuclear membrane is ever increasing, bol-
fied Crm1 as the target of LMB; therefore, Crm1 became stering the view that altered localization is a common
an attractive candidate for the Rev export receptor. Sub- form of regulation of protein function (reviewed in Kaff-
sequent studies showed that Crm1 acts as the receptor man and O’Shea [1999]). This is especially the case for
for all NES-mediated protein export (reviewed in Mattaj transcription factors, which must access DNA targets
and Englmeier [1998]). Thus, HIV-1 uses cellular protein easily and be capable of very rapid responses to external
export machinery to bypass pre-mRNA retention mech- stimuli. The paradigm for this level of regulation was
anisms. established by examination of the regulation of the NF-
Crm1 is the best characterized exportin of the 14 yeast kappaB transcription factor (reviewed in Karin and Ben-
Neriah [2000]). Its inhibitor, IkappaB, binds to and masksand approximately 20 mammalian karyopherins. Given
Review
263
the nuclear localization signal (NLS) of NF-kappaB as al., 1999; Wang et al., 2000). Upon stimulation by Hh
well as its DNA binding domain. When the cell is acti- signaling, Ci155 phosphorylation decreases, and Ci155
vated by a signal, such as a proinflammatory cytokine, translocates into the nucleus to activate Hh-responsive
IkappaB is degraded by ubiquitin-directed proteolysis, genes. Disrupting Ci155 export using LMB results in
thus allowing NF-kappaB to translocate to the nucleus target gene activation independent of Hh signaling, sug-
to activate its transcriptional program. Extension of this gesting that constitutive export of Ci155 is required to
paradigm was exemplified by the behavior of the Pho4 maintain the pathway in an inactive state.
transcription factor of S. cerevisiae, which shuttles con- Regulation of protein function via nuclear export ex-
tinuously in and out of the nucleus in high phosphate tends beyond transcription factors. In S. cerevisiae, the
conditions (Kaffman et al., 1998). When phosphate levels MAP kinase scaffold protein Ste5, which is required for
are low, Pho4 is dephosphorylated and is no longer the mating response, constitutively shuttles between
capable of interacting with its export receptor, Msn5. the nucleus and the cytoplasm when the cell is in an
Now trapped in the nucleus, Pho4 can activate a panel inactive state (Mahanty et al., 1999). In response to pher-
of genes that can respond to this cellular stress. In effect, omone, Ste5 export efficiency is increased, allowing it
phosphorylation could act as a molecular switch to con- to localize to the periphery and activate the MAP kinase
trol nuclear export (Figure 1). cascade. Export of Ste5 is greatly reduced in a strain
Regulated nuclear transport of transcription factors deleted for MSN5, suggesting that Msn5 is the Ste5
is not only needed in response to stress stimuli but also export receptor. Passage through the nucleus appears
plays a preeminent role in the development process, to be required for Ste5 activity, a novel form of regulation
another tightly regulated transcriptional program. Like of a signaling pathway.
NF-kappaB, the nuclear localization and activity of Dro-
sophila Dorsal, a maternal morphogen, corresponds General mRNA Export
perfectly with the establishment of ventral identity in the The export of mRNA is significantly more complicated
dorsal-ventral axis (Rushlow et al., 1989). Furthermore, than protein export. For instance, because transcription
the homeodomain protein Extradenticle (Exd), which is and processing occur in the nucleus, the mRNA export
required for proximal leg determination, contains both machinery must be capable of distinguishing immature
an NLS and an NES and localizes predominantly to the pre-mRNA from fully processed mRNA. Furthermore,
cytoplasm in an inactive state in distal leg cells. When mRNAs exit the nucleus bound to a multitude of RNA
the homeobox activator Homothorax (Hth) is expressed, binding proteins, making identification of an export sig-
binding of Hth to Exd overrides Exd nuclear export, and nal a difficult task. Controversy exists over the extent
both proteins translocate to the nucleus, where they can that karyopherins and the Ran GTPase contribute to the
function as transcriptional activators (Abu-Shaar et al., process of mRNA export, and an extreme view is that
1999; Berthelsen et al., 1999). In addition, the tumor the majority of, if not all, mRNAs are exported by a
suppressor adenomatous polyposis coli (APC) protein different class of transport receptors, the TAP/NXF fam-
destabilizes the Wnt-signaling effector, -catenin, in the ily. Finally, cells must be able to regulate the export of
absence of Wnt signaling. Both proteins shuttle between
mRNA under conditions of cell stress, and fine-tuning
the nucleus and cytoplasm, and this shuttling appears
is needed in response to developmental cues.
to be important for their function. Intriguingly, the major-
The journey of mRNAs begins in the nucleus with
ity of somatic mutations in APC from colorectal tumors
transcription by RNA polymerase II (Pol II). Concurrentdelete the APC NES, and this results in nuclear localiza-
with transcription, these pre-mRNAs begin to undergotion of APC and -catenin as well as activation of
a number of processing steps, such as 5 capping, splic-
-catenin (Rosin-Arbesfeld et al., 2000). Similarly, the
ing, polyadenylation, and cleavage. These reactions dis-neuroblast-specific transcription factor Prospero is in-
tinguish these transcripts from other RNAs and increaseactive in the cytoplasm and is tethered to the basal
their stability, export, and translation efficiency. As acortex by the Miranda (Mir) protein prior to cell division
result, mRNAs ultimately develop a thick coat of RNAinto a ganglion mother cell (GMC) (Ikeshima-Kataoka et
binding proteins, forming a complex referred to as aal., 1997; Shen et al., 1997). However, the presence of
ribonucleoparticle (RNP). It is in this form that the matureMir is only one level of nuclear exclusion, as Prospero
mRNA exits the nucleus. This point is best illustrated inalso contains a Crm1-dependent NES overlapping with
electron microscopic analysis of the 30–45 kb Balbianiits DNA binding domain (Demidenko et al., 2001). Once
ring (BR) particle in the salivary gland of the insect Chiro-in the GMC, Prospero becomes exclusively nuclear by
nomus tentans. The electron dense BR particle is decor-an unknown mechanism that may involve NES masking.
ated with heterogeneous nuclear ribonucleoparticleInterestingly, cortical Prospero has been reported to be
(hnRNP) proteins during its transcription (reviewed inhyperphosphorylated in comparison to nuclear Pros-
Krecic and Swanson [1999]). Once thought to functionpero, suggesting that Prospero may be subject to a
only in the nucleus, some hnRNP proteins shuttle be-regulatory mechanism similar to that of Pho4 (Srinivasan
tween the nucleus and cytoplasm and bind to RNA inet al., 1998). Finally, the function of the Cubitus inter-
either or both compartments. Using immunogold label-ruptus (Ci) protein, which is required for the transcrip-
ing with specific antibodies, we can see hnRNPs re-tional activation of Hedgehog (Hh) target genes, is also
maining associated with the BR particle from transcrip-regulated by its subcellular localization. The active form
tion to translation (Visa et al., 1996).of Ci is a 155 kDa protein (Ci155) that displays cyto-
The hnRNP proteins were first suggested to bear ex-plasmic steady-state localization as a result of cyto-
port signals and act as adapters between the RNP andplasmic sequestration by protein interactors as well as
constitutive nuclear export mediated by Crm1 (Chen et transport machinery. A sequence termed M9 that can
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function as both an NLS and an NES was identified on Viral RNA export strategies have revealed insight into
hnRNP A1 and is dependent on the karyopherin Trans- the role of 3 processing in mRNA export. The Influenza
portin (Michael et al., 1995; Nakielny et al., 1996). Injection virus can export its own RNA at the expense of cellular
of a fragment of hnRNP A1 comprising the M9 domain mRNA (reviewed in Chen and Krug [2000]). This is ac-
into Xenopus oocytes causes a nuclear accumulation complished by the activity of the viral NS1 protein, which
of DHFR mRNA, suggesting that hnRNP A1 is required binds to and inhibits both cleavage polyadenylation
for the export of at least a subset of mRNAs (Izaurralde specificity factor (CPSF) and poly(A) binding protein II
et al., 1997). Moreover, in S. cerevisiae, mutation of the (PABII). Both CPSF and PABII are involved in 3 end
SR-like hnRNP protein Npl3 causes an accumulation of formation of transcripts. Specifically, CPSF is required
mRNA in the nucleus (Lee et al., 1996). These results for proper cleavage of Pol II transcripts, and PABII is
implicate hnRNP proteins as mRNA export factors, but required for poly(A) lengthening. It is by this dual method
it is unclear whether they bear nuclear export signals of inhibition that NS1 can block cellular mRNA export.
or are simply required for structural integrity of the RNP To export its own mRNA, influenza virus utilizes 3 end
complex. In addition to the hnRNP proteins, the SR pro- processing factors distinct from the cellular machinery
teins, which participate in splicing, have also been impli- to bypass NS1-mediated inhibition.
cated in mRNA export (Huang and Steitz, 2001). Re- Clearly, the process of 3 end formation affects mRNA
cently, it has been suggested that SR proteins play a export. However, early studies indicated that injection
central role in the process (Reed and Magni, 2001). of an mRNA containing a poly(A) tail was only somewhat
Although the behavior of the BR particle may not be more efficient than one lacking the tail (Jarmolowski et
the most representative example for an average tran- al., 1994). Furthermore, addition of an artificial poly(A)
script because of its unusually large size, we have tail or 3 end on RNAs lacking the proper signals to
learned three additional key points pertaining to mRNA engage the cellular 3 end processing machinery is not
export as a result of these studies. First, the use of sufficient to support nuclear export (Eckner et al., 1991;
antibodies to the cap binding protein CBP20 showed Huang and Carmichael, 1996). Taken together, one can
that the BR particle always exits the nucleus cap first, surmise that the actual process of 3 end formation is
in a 5 to 3 orientation. Next, the BR particle is so named important for mRNA export, not simply the net result of
because of its ring shape, but when it reaches the NPC, these modifications. A possible explanation for these
it unfolds. This observation implies that the RNP under- seemingly contrary results is that the export of injected
goes significant remodeling in order for translocation to RNAs is uncoupled from transcription and processing;
occur. A candidate for catalyzing this type of process therefore, these mRNAs may bypass some early events
is the S. cerevisiae mRNA export factor Dbp5/Rat8, in the mRNA export pathway. The importance of the
which has helicase activity (Snay-Hodge et al., 1998; extensive coordination of transcription and processing
Tseng et al., 1998). Dbp5 localizes predominantly to has been realized recently (reviewed in Bentley [1999]).
the nuclear envelope and interacts with the cytoplasmic The process of mRNA export also appears to be coupled
fibril-associated Nup159 (Hodge et al., 1999; Schmitt et to transcription; the S. cerevisiae hnRNP protein Npl3
al., 1999). Another possible function of Dbp5 is to strip interacts with the transcription machinery possibly as
nonshuttling hnRNP proteins off of the RNP during trans- early as transcription initiation, as is the case for CPSF
location. This process may be necessary to facilitate (Figure 2) (Dantonel et al., 1997; Lei et al., 2001). Further-
exchange of mRNA export factors for cytoplasmic trans- more, it was shown by chromatin immunoprecipitation
lation factors, and this exchange ensures that the mRNA that transcription may play an active role in mRNA export
is not reimported into the nucleus. Finally, EM studies by recruiting export factors to the sites of transcription.
have shown that translation begins before export of the
BR particle is complete. Each of these observations has
Obtaining Export Competencyprovided valuable insight into the mRNA export process.
Apparently, there are a number of coordinated pro-
cessing events that must take place to form an exportQuality Control Mechanisms at the 3 End
competent RNP, but it has not been clear how theseExport of mRNA can serve as a means of regulation to
events signal maturation until recently. Injection experi-ensure that aberrant mRNAs are not sent to the cyto-
ments showed that some RNAs that undergo splicingplasm for translation. When incorrectly processed RNAs
are preferentially exported because of their specific as-are detected, they are retained in the nucleus and de-
sociation with the mRNA export factor Aly/Ref (Table 1)graded. Defects in polyadenylation lead to mRNA export
(Luo and Reed, 1999; Rodrigues et al., 2001; Zhou etdefects and an apparent accumulation of pre-mRNA
al., 2000). It was later found that the splicing machineryat the site of transcription (Brodsky and Silver, 2000;
deposits a large complex of proteins, including Aly,Custodio et al., 1999; Eckner et al., 1991; Hilleren et al.,
20–24 nucleotides upstream of exon-exon junctions (Le2001; Huang and Carmichael, 1996; Long et al., 1995).
Hir et al., 2000). Therefore, selective export of splicedConversely, defects in mRNA export cause hyperadeny-
mRNAs may be explained by recruitment of mRNA ex-lation of pre-mRNAs, and these pre-mRNAs also accu-
port factors to the exon junction complex (EJC; Figuremulate (Hilleren and Parker, 2001; Jensen et al., 2001).
2) (Le Hir et al., 2001). Recently, it was shown that theThis buildup is affected by the activity of Rrp6, a 3-5
DEAD box helicase UAP56 as well as its S. cerevisiaenuclear exoribonuclease that may be responsible for
and Drosophila homologs Sub2 and HEL, respectively,the degradation of incompletely polyadenylated pre-
are involved in an early step of splicing and are requiredmRNAs (Burkard and Butler, 2000; Hilleren et al., 2001).
for mRNA export (Fleckner et al., 1997; Kistler andThese results suggest that Rrp6 and other members of
Guthrie, 2001; reviewed in Linder and Stutz [2001]).the nuclear exosome are involved in the quality control
of 3 processing. UAP56 interacts directly with Aly and may recruit Aly to
Review
265
Figure 2. Coordination of Transcription, Pre-
mRNA Processing, and mRNA Export in
Metazoans
(Left) The timeline of transcription begins with
preinitiation complex (PIC) formation (tan
block) and recruitment of Pol II to the pro-
moter. Soon after promoter escape, the Pol
II C-terminal domain is phosphorylated, and
the nascent transcript is capped. As elonga-
tion continues, Pol II undergoes cycles of
phosphorylation and dephosphorylation and
further recruits processing factors. Pol II ter-
minates and is released. It is unclear whether
processing and release is completed before
or after transcription termination.
(Right) The concurrent timeline of RNP forma-
tion begins at transcription initation with the
recruitment of CPSF and perhaps mRNA ex-
port factors similar to Npl3 as well as uniden-
tified RNA binding proteins (black circles).
Very soon after the start of elongation, cap-
ping enzyme is recruited. During elongation,
the splicing machinery may deposit Aly (also
known as REF) and the exon junction com-
plex on the pre-mRNA, and Aly recruitment
may be mediated by UAP56. Furthermore,
CPSF and the 3 end processing machinery
(pink block) produce the mature 3 end of the
transcript. Export competency is achieved
through recruitment of export factors, such
as TAP (also known as NXF1), by Aly and
perhaps other factors. Note that the precise
timing of each of the processing events is
unknown.
the spliced mRNA (Luo et al., 2001; Stra¨ßer and Hurt, 1998; Kang and Cullen, 1999). TAP binds directly to the
CTE in vivo and escorts the RNA through the NPC. First2001). Considering the multiple connections of UAP56/
identified in S. cerevisiae, these export factors appearSub2 and Aly/Yra1 to transcription, this event is likely
to be conserved throughout evolution, as both Aly andto occur on the nascent transcript.
TAP, with its cofactor p15, can function in place of theirComponents of the EJC are thought to enhance export
S. cerevisiae counterparts Yra1 and Mex67, with its part-by promoting interaction of the RNP with export factors
ner Mtr2 (Katahira et al., 1999; Stra¨ßer and Hurt, 2000).situated at the NPC. The proposed function of Aly is to
TAP belongs to a family of proteins called the NXFdirect the RNP to the soluble general mRNA export fac-
(nuclear export factor) proteins, which utilize differenttor TAP, which has been suggested to be analagous to
export pathways. In humans, there are three NXF pro-a karyopherin in that it can interact with the FG repeats
teins aside from TAP (NXF1) itself, and they differ fromof nucleoporins (Bachi et al., 2000; Stutz et al., 2000).
TAP by their structure and/or expression patterns (Her-Originally, Tap was found to be required for the export
old et al., 2000; Jun et al., 2001; Yang et al., 2001). TAPof constitutive transport element (CTE)-containing RNA
is capable of mRNA export independent of Crm1 (Kangproduced by simian type D retroviruses (Gruter et al.,
and Cullen, 1999). NXF2 behaves similarly to TAP in that
it binds to nucleoporins and mRNA and promotes mRNA
export. Additionally, it can bind to both members of theTable 1. Nomenclature of mRNA Export Factor Homologs in
S. cerevisiae and H. sapiens p15 family (NXT1 and 2), as can both TAP and NXF3
(Herold et al., 2000). Curiously, NXF3 does not containS. cerevisiae H. sapiens
the C-terminal domain that is necessary for nucleoporin
Mex67 TAP/NXF1 binding and CTE export but instead contains a leucine-
Mtr2 p15/NXT1a rich NES that is dependent on the karyopherin Crm1
Sub2 UAP56 (HELb)
(Yang et al., 2001). These results further implicate Crm1Yra1 Aly/REF
as having a role in specific mRNA export, a controversial
a Putative functional homologs. issue. The roles of NXF5 and the pseudogene nxf4 in
b D. melanogaster homolog.
mRNA export are not yet clear (Jun et al., 2001). TAP
Developmental Cell
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appears to be the most general of the NXF proteins, as Nuclear Events Prime Cytoplasmic Processes
The deposition of the EJC on transcripts may also func-it is expressed ubiquitously. NXF2 and 3, which are X
linked, are mainly restricted to expression in the testis tion in other aspects of RNA metabolism. In addition to
mRNA export factors, the EJC contains factors involvedand may be particularly important during early stages
of development. in nonsense-mediated decay (NMD), such as Upf3 and
Y14 (Kataoka et al., 2000; Le Hir et al., 2001; reviewedTAP is a highly conserved protein, and NXF proteins
can be found in both Caenorhabditis elegans and Dro- in Wilusz et al. [2001]). NMD is the process of recognizing
and degrading mRNAs with premature stop codons.sophila. The nematode ortholog of TAP, Ce-NXF-1, was
cloned based on homology to Mex67 (Tan et al., 2000). Once thought to be an entirely cytoplasmic event, NMD
is likely to be dependent on nuclear events, such asRNAi experiments show that depletion of the protein
causes an accumulation of mRNA in all cells and lethality marking of spliced mRNAs. In addition to its proposed
role in NMD, Y14 binds directly to the Mago-nashi pro-in both embryos and adults. In Drosophila, TAP and
p15 are required for mRNA export, as shown by RNAi tein (Mingot et al., 2001), which is required for asymmet-
ric localization of the oskar mRNA. oskar mRNA is pro-experiments in Schneider cells (Herold et al., 2001; Wie-
gand et al., 2002). Knockdowns of the other Drosophila duced in the Drosophila follicle cell, transported into the
oocyte, and localized to the posterior pole to directNXF proteins do not result in any apparent mRNA export
defects, suggesting that they may play more specific aspects of posterior development. Y14 colocalizes to
the posterior pole with the maternal factor Staufen,roles in mRNA export or have redundant functions. A
mutation in small bristles (sbr), which encodes the Dro- which is also required for proper oskar mRNA localiza-
tion (Hachet and Ephrussi, 2001; Mohr et al., 2001). Thissophila TAP protein, was identified recently in a screen
for aberrant motor axon guidance (Korey et al., 2001). result supports the finding that Y14 remains bound to
the RNA throughout its journey from the nucleus to theDespite the ubiquitous housekeeping function of sbr,
this mutant displays specific cell morphogenesis de- cytoplasm (Kataoka et al., 2000). Human Mago-nashi
(Magoh) was also found to be a component of the EJCfects, which may be due to differences in the sensitivity
of certain cells to perturbations in mRNA export. In addi- (Kataoka et al., 2001; Le Hir et al., 2001). These experi-
ments suggest that mRNAs destined for asymmetriction, a screen to identify RNA localization factors of the
asymmetrically localized fushi tarazu mRNA in Drosoph- localization in the cytoplasm require a nuclear event,
although this result was anticipated by the finding thatila identified a mutation in sbr (Wilkie et al., 2001). This
temperature-sensitive allele was subsequently shown exclusively nuclear proteins are involved in this process
(Lall et al., 1999; Long et al., 2001).to affect the export of several mRNAs in all tissues at
all stages of development that were tested, suggesting
that it acts as a general mRNA export factor throughout Regulation of mRNA Export
development. Cells subjected to heat stress must respond quickly
to produce chaperones to maintain protein stability. In
addition to initiating a potent transcriptional response,
Splicing-Independent Export cells accomplish this task by immediately altering the
Splicing may provide one method of recruiting mRNA specificity of mRNAs that are exported to favor those
export factors to establish competency for export. How- of heat shock mRNAs. This phenomenon raises the fol-
ever, the key factors so far identified in this process, lowing two questions: what promotes the selective ex-
Sub2/HEL and Aly/Yra1, also affect the export of non- port of heat shock mRNAs, and how is normal export
intron-containing mRNAs (Gatfield et al., 2001; Ro- blocked? The export of heat shock mRNAs in S. cerevis-
drigues et al., 2001; Stra¨ßer and Hurt, 2001). These re- iae occurs in a Ran-independent manner and does not
sults suggest that these export factors can function in require the exportin Crm1 or the hnRNP protein Npl3
a splicing-independent manner. In yeast, Sub2 and Yra1 (Krebber et al., 1999; Saavedra et al., 1996; Saavedra
affect bulk mRNA export, and it is important to note et al., 1997). However, heat shock export relies on the
that the majority of S. cerevisiae genes do not contain function of the nucleoporin Rip1 and the export factor
introns. In addition, the average intron-containing gene Mex67 (Hurt et al., 2000; Saavedra et al., 1997). In-
displays intron placement very near to the 5 end of the terestingly, Npl3 disassociates from bulk mRNA in
gene. It has been shown that the EJC cannot assemble response to heat shock but continues to shuttle, sug-
on mRNAs with a 5 exon less than 20 nt long in mam- gesting that its release can trigger the retention of non-
mals (Le Hir et al., 2001). If the EJC or some complemen- heat shock (non-hs) mRNA (Krebber et al., 1999). Current
tary complex exists in yeast, it may not be able to assem- models speculate that heat shock RNPs selectively re-
ble on the typical intron-containing gene, and alternate cruit processing and/or transport factors, thereby pro-
mechanisms to recruit mRNA export factors would have hibiting the export of other mRNAs (Figure 3).
to be invoked. An intriguing possibility is that the spliceo- The human RNA binding protein HuR also responds
some monitors all pre-mRNAs regardless of intron sta- dramatically to heat shock. HuR affects the stability of
tus and may be responsible for the recruitment of mRNA certain short-lived mRNAs that contain an AU-rich ele-
export factors to all mRNAs. In fact, the splicing factors ment (ARE) in their 3 UTRs. It was shown by use of cell
SRp20 and 9G8 have been shown to bind to the intron- permeable peptides that, under normal growth condi-
less histone H2a mRNA and may promote its export tions, HuR shuttling depends on two separate pathways
(Huang and Steitz, 2001). Alternately, a completely dif- (Gallouzi and Steitz, 2001). One pathway involves inter-
ferent machinery, perhaps the 3end processing factors, action with the karyopherin Transportin 2 via the HNS
domain. The other pathway is dependent on Crm1 andmay contribute to RNP-mRNA export factor interactions.
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Figure 3. Model of Regulated mRNA Export
during Heat Shock in S. cerevisiae
(Left) At steady state, non-heat shock (non-
hs) genes are responsible for the majority of
transcription. These mRNAs are bound by
RNA binding proteins, such as the cap bind-
ing complex (CBC), the hnRNP protein Npl3,
and many other proteins not indicated (black
circles). Yra1 promotes the association of
Mex67 with the RNP, and this complex is di-
rected to and exported through the NPC via
interactions with Mtr2 and nucleoporins, such
as Nup159 and Rip1. The helicase Dbp5 may
strip RNA binding proteins off the mRNA to
allow these proteins to return to the nucleus
and translation factors to associate with the
mRNA and initiate translation. Note that Yra1
shuttling is speculative, although its human
homolog, Aly, has been shown to shuttle.
(Right) In response to heat shock, non-hs
genes are repressed, and transcription of
heat shock genes is greatly stimulated. Npl3 disassociates from bulk mRNA and may cause non-hs RNPs to become export incompetent.
Heat shock mRNAs may preferentially recruit mRNA export factors, such as Mex67, to bypass retention mechanisms. Like non-hs RNPs, heat
shock RNPs exit the nucleus dependent on Rip1.
may be mediated by HuR interactors APRIL and pp32 Nuclear Export of Ribosomes
The eukaryotic protein synthesis system uncouples(Brennan et al., 2000; Gallouzi et al., 2001). In response
to heat shock, the association of HuR with Transportin transcription from translation, physically separating the
events by the nuclear membrane. Although the ribosome2 is lost, and HuR interacts more readily with Crm1.
Considering that most human heat shock mRNAs con- functions in the cytoplasm, its production is a stepwise
and complex process that involves several nuclear trans-tain ARE elements, it is possible that HuR mediates the
export of this class of mRNAs. Regardless, the factors port events. Each of the approximately 80 ribosomal
protein mRNAs is transcribed in the nucleus and is ex-that ultimately control the switch to stress export remain
elusive. Considering the potent transcriptional response ported to the cytoplasm using the canonical mRNA ex-
port machinery. After translation, the nascent ribosomalto heat shock, an interesting possibility is that the switch
to selective heat shock mRNA export occurs by selec- proteins are actively imported into the nucleus in order
to move to the site of ribosomal RNA transcription intive recruitment of factors at the transcriptional level.
In addition to regulated mRNA export in response to the subcompartment of the nucleus called the nucleo-
lus. Here, the ribosomal proteins and rRNA assemble,stress, there are several examples of the developmental
regulation of specific mRNAs. In C. elegans, the tra-1 which entails ordered protein binding and RNA cleavage
events (reviewed in Venema and Tollervey [1999]). Earlygene regulates the final step of sex determination. XX
animals lacking tra-1 develop as males instead of her- studies in Xenopus oocytes showed that ribosomal sub-
units injected in the nucleus translocate through themaphrodites. tra-1 positively feeds back on tra-2, which
in turn is required to inactivate repressors of tra-1. TRA-1 NPC in an energy-dependent manner (Bataille et al.,
1990; Khanna-Gupta and Ware, 1989). However, the lackactivation of tra-2 involves promoting tra-2 mRNA nu-
clear export to enhance its translation (Graves et al., of a tractable system for analyzing ribosome export re-
sulted in little insight into this process for many years.1999). In this manner, TRA-1 is a positive regulator of
tra-2 activity; however, it has also been suggested re-
cently that tra-2 can actually repress TRA-1 transcrip- Small Ribosomal Subunit Export
Major breakthroughs came with the creation of in vivotional activity by pulling it out of the nucleus, leading to
a complex cycle of feedback (Segal et al., 2001). Another assays for ribosome export in S. cerevisiae. To monitor
nuclear export of the small ribosomal subunit (43S), anexample of specific regulated mRNA export is in Dro-
sophila tendon cell differentiation. stripe is a key tran- in situ hybridization assay was developed based on the
localization 5 ITS1 RNA (Moy and Silver, 1999). Thisscriptional regulator of this process, and high levels of
Stripe are needed for differentiation. Stripe levels can RNA is a byproduct of the last in a series of rRNA pro-
cessing steps to form the mature 18S rRNA, and thisbe reduced by the long splice form of the How protein
How(l), which inhibits the export of the stripe mRNA cleavage is a cytoplasmic event. A comprehensive ex-
amination of nuclear transport mutants using the small(Nabel-Rosen et al., 1999). At a later stage of develop-
ment, the presence of muscle adjacent to tendon acti- subunit export assay indicated that 43S export requires
the Ran GTPase system (Moy and Silver, 1999). Rapidvates the expression of the short splice form How(s),
which overcomes the activity of How(l). At this stage, onset temperature-sensitive mutations in Ran regulators
prp20 and rna1 cause nuclear accumulation of 5 ITS1the export of stripe mRNA is stimulated, thus terminating
tendon cell differentiation. Therefore, these mecha- but do not affect ribosome profiles (Figure 4A). Impor-
tantly, in these mutants, pre-rRNA processing is un-nisms exemplify how developmental timing tightly regu-
lates differentiation by affecting the export of specific changed except for a clear block in the final cytoplasmic
maturation step. Additionally, 43S export is blocked bymRNAs.
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a canonical NES on Nmd3 led researchers to the finding
that Nmd3 acts as an adaptor for Crm1 in 60S export
(Ho et al., 2000). The large subunit protein gene RPL10
genetically interacts with NMD3 (Karl et al., 1999), and
the two proteins have been shown to interact directly,
suggesting a specific contact on the ribosome to which
Nmd3 can bind (Gadal et al., 2001b). Although the identi-
fication of Nmd3 as an export factor was a major contri-
bution to the field, many factors are sure to be missing
from the picture.
To that end, ongoing screens to identify 60S export
factors have successfully yielded new factors affecting
60S biogenesis. The Noc1–3 proteins associate with
preribosomes early in their maturation process but do
not appear to affect rRNA processing per se and there-
fore may function specifically to prepare preribosomes
for export competence (Milkereit et al., 2001). A later-
associating factor, the Rix7 AAA-ATPase, affects 25S
rRNA processing as well as large subunit export. An
interesting observation is that a fraction of Rix7-GFP
can be trapped at the nuclear periphery upon the induc-
tion of ribosome synthesis, suggesting that it may facili-
tate interaction between ribosomes and the NPC (Gadal
et al., 2001a). Three separate efforts have identified the
putative GTPases Nog1, Nog2/Nug2, and Nug1 as pro-
Figure 4. In Vivo Assays for Ribosome Export in S. cerevisiae
teins that associate with pre-60S ribosomes and affect
(A) In situ hybridization to 5 ITS1 RNA denotes localization of the
ribosome maturation and possibly export (Bassler et al.,small ribosomal subunit. Wild-type (WT) cells (a–c) display 5 ITS1
2001; Harnpicharnchai et al., 2001; Saveanu et al., 2001).signal throughout the nucleus and cytoplasm (c), while a Ran regula-
tor mutant (d–f) shows accumulation of 5 ITS1 signal throughout Each study used affinity-tagged proteins in order to bio-
the entire nucleus (f). Both strains are in an xrn1 background. chemically purify pre-60S ribosomal particles and iden-
Nomarski optics (a and d) and DAPI fluorescence (b and e) are tify other components of these complexes. These analy-
shown.
ses provide exciting new tools to identify factors that(B) Rpl11b-GFP localization in live cells denotes localization of the
function during late stages of 60S maturation and maylarge ribosomal subunit. WT cells (a and b) display L11-GFP signal
lead to a better understanding of 60S assembly andthroughout the nucleus and cytoplasm (b), while a ribosome assem-
bly mutant (c and d) shows strong nuclear accumulation of the export.
reporter (d). Nomarski optics are shown (a and c).
Translation in the Nucleus
a mutation in Crm1, indicating that 43S export may share
The ribosome export studies presented here assumethe same export machinery as that used for protein
that the small and large ribosomal subunits are exportedexport.
individually. However, there is little evidence to that end.
In fact, early studies involving injections of TetrahymenaLarge Subunit Export
ribosomes into Xenopus oocytes indicated that the ex-Concurrent with the development of the small ribosomal
port rate of each ribosomal subunit is highly stimulatedsubunit assay, an in vivo assay to follow the export of
by the coinjection of the other subunit (Khanna-Guptathe large ribosomal subunit (60S) was developed. This
and Ware, 1989). This result suggests that the smallassay utilizes a GFP-tagged Rpl25 integral ribosomal
and large subunits interact at some point during theprotein or a later-associating peripheral ribosomal pro-
transport process; however, this form of interaction maytein, Rpl11 (Hurt et al., 1999; Stage-Zimmermann et al.,
not be the same as that of a ribosome engaging in2000). Studies performed with these reporter proteins
translation in the cytoplasm. Nearly all components ofshowed that the Ran GTPase system is also essential
the translation machinery can be found in the nucleus,for large subunit export (Hurt et al., 1999; Stage-Zimmer-
and if ribosomal subunits are indeed capable of inter-mann et al., 2000) (Figure 4B). As with the small subunit
acting inside the nucleus, translation could occur. Aassay, subsets of nucleoporin and karyopherin mutants
recent in vivo study makes the latest case for nuclearthat accumulate these reporters in the nucleus were
translation, although it remains unclear whether nascentidentified. However, using these assays alone, we can-
polypeptides are actually generated (Iborra et al., 2001).not distinguish whether these factors have a direct effect
The authors suggest that this form of translation pro-on ribosome export or simply affect ribosome assembly
vides a mechanism for proofreading pre-mRNAs forby interfering with other nuclear transport events.
NMD. If nuclear translation does occur, a question forBiochemical studies of the Nmd3 protein took large
further study is whether nuclear ribosomes are main-subunit export one step further. Nmd3 interacts tran-
tained as a distinct pool from cytoplasmic ribosomessiently with large ribosomal subunits and is required for
their stability (Ho and Johnson, 1999). Identification of or are capable of exiting the nucleus.
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Translocation Models of information about the nuclear transport machinery.
Regulated nuclear transport of developmental regula-A sizeable amount of information has been gathered
about the factors that direct various cargoes to the NPC; tors is undoubtedly a common mechanism; however,
studies of nuclear transport in multicellular organismshowever, the mechanism of translocation remains un-
clear, despite several models having been put forth. It are still in their infancy. Using a combination of our
growing understanding of nuclear transport and rapidlyis widely accepted that nucleoporins act as docking
sites for transport factors via their FG repeats, and this advancing technology, the role of nuclear transport in
complex systems and their consequences on develop-feature provides a mechanism for signal-mediated se-
lectivity. Also well established is the role of the Ran ment will certainly become clearer in the years to come.
cycle in providing the directionality of transport and re-
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